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ABSTRACT: The objective of this study was to confirm physiolog-
ical reactions in the breast and brain in mothers during breastfeeding
and collect basic objective data, aiming at effective support for
breastfeeding. Ten healthy women who were exclusively breastfeed-
ing their babies participated in this study. Changes in the concentra-
tion of oxygenated Hb (oxyHb) and deoxygenated Hb in the breasts
and frontal cortex of these women during breastfeeding lactation
were measured using double-channel near-infrared spectroscopy
(NIRS). Changes were measured in three conditions: (1) in both
breasts; (2) the ipsilateral breast and frontal cortex; and (3) the
contralateral breast and frontal cortex. OxyHb and total Hb (totalHb)
levels in the bilateral breasts decreased significantly after the onset of
breastfeeding in comparison with prebreastfeeding levels. These two
values repeatedly increased and decreased thereafter. In the frontal
cortex, regardless of which breast was involved, oxyHb and totalHb
levels increased significantly in comparison with prebreastfeeding
levels. Similar hemodynamic changes occurred simultaneously in the
bilateral breasts during breastfeeding regardless of the feeding or non-
feeding side. Hemodynamic changes were also noted in the frontal
cortex, but the reactions in the breast and prefrontal cortex were different
and not synchronous, confirming that the physiological circulatory
dynamics during breastfeeding vary among organs. (Pediatr Res 70:
400–405, 2011)

The World Health Organization (WHO) and United Na-
tions Children’s Fund (UNICEF) in the Innocenti Decla-

ration recommend solely nourishing all infants with breast
milk for the first 6 mo. Many long- and short-term advantages
of breastfeeding for both children and mothers have been
reported. Breast milk is rich in secretory IgA (1) and has been
shown to decrease the incidences of atopic diseases in children
(2) as well as the risk of many infectious diseases (3,4). In
addition, infants fed breast milk showed a higher cognitive
development score than those fed formula milk (5). Appro-
priate support for mothers and infants early in the breastfeed-
ing process is necessary, and, for this, a refined scientific
understanding of breastfeeding and lactation is needed (6,7).

In physiological studies on the breast during feeding, intra-
mammary pressure (8) and oxytocin and prolactin as breast-
feeding-related hormone secretion in blood samples have been
investigated, and sucking stimulation has been found to induce
the release of oxytocin from the posterior pituitary as an
immediate reflex (9–11). Ramsay et al. (12) also observed
dilatation of the milk ducts using ultrasound as a response to
the ejection of milk.
Near-infrared spectroscopy (NIRS) is capable of noninva-

sively evaluating the tissue blood volume and oxygenation
state of the brain (13–15) and muscle. It has also been applied
to breast tissue (16) and was found to be particularly useful for
the screening of breast cancer (17,18). We previously reported
that the tissue blood volume significantly decreased after the
onset of breastfeeding in the ipsilateral and contralateral breast
and then fluctuated cyclically using NIRS (19). We speculated
that the signal on sucking stimulation was transmitted to the
brain via the medulla oblongata and induced oxytocin release
from the pituitary gland, resulting in hemodynamic changes in
the breast, and then hypothesized that there is a close rela-
tionship between blood volume changes in the breast and
those in the brain.
Investigating physiological relationships during breastfeed-

ing can aid understanding of normal responses during breast-
feeding. Such knowledge is valuable from a clinical perspec-
tive, as it allows clinicians to develop objective breastfeeding
support plans that take into account such influences upon the
working of the prefrontal cortex as depression and medication.
Depressive symptomatology in the postpartum period nega-
tively influences infant-feeding outcomes, and these findings
have important clinical implications and support the need for
the early identification and treatment of women with depres-
sive symptomatology (20). A study using multichannel NIRS
reported that bipolar disorder and major depression were
characterized by preserved but delayed and reduced frontal
lobe activations (15). Further, investigation of hemodynamic
relationships between the breast and brain during lactation
will also contribute to early identification and evaluation for
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treatment. In addition, an understanding of physiological re-
sponses during breastfeeding can help clinicians distinguish
between mothers who establish normal mother–child relation-
ships during breastfeeding from those mothers who do not,
thereby enabling clinicians to help mothers establish normal
breastfeeding patterns.
In this study, we performed simultaneous measurements in

the bilateral breasts or unilateral breast and forehead during
breastfeeding using two-channel NIRS and investigated
whether: (1) the blood volume changes in the bilateral breasts
regardless of feeding from the ipsilateral or contralateral side
and (2) breastfeeding induced changes in the frontal cortex
hemodynamics.

METHODS

Participants. The participants were 10 healthy women who were exclu-
sively breastfeeding their babies, meeting the following inclusion criteria:
infants were born after 38 wk of gestation, nourished exclusively by breast-
feeding, and developed no congenital diseases, at which time the feeding
pattern was assumed to have stabilized, while their mothers were healthy and
had no history of breast tissue abnormality.

This study was approved in advance by the Ethics Committee of the
faculty of Medicine, Kagawa University. Informed consent was obtained by
explaining the study method to the women orally and with written documents,
and then obtaining written consent from all women to participate in this study.

NIRS setting. Using double-channel NIRS (NIRO-200, Hamamatsu Pho-
tonics K.K., Hamamatsu, Japan), changes in the oxygenated Hb (oxyHb),
deoxygenated Hb (deoxyHb), and total Hb (totalHb) levels were measured in
the breast and frontal cortex. For NIRO-200, three types of laser diode (775,
810, and 850 nm) were used as the light source, and a detector probe received
light. The distance between the emitter and detector probes was 4 cm for both
the breast and frontal head, and both probes, forming one set, were covered
with black rubber holders (Fig. 1). For analysis, the modified Beer–Lambert
Law (MBL) method was used: changes in the oxyHb, deoxyHb, and totalHb
levels were calculated from changes in the optical attenuation time at the light
receiver. The measurement interval was 1 s. The sum of [oxyHb] and
[deoxyHb] was calculated as [totalHb].

Study procedures. Measurement was performed in a quiet, private room.
The infant was fed corresponding to his/her appetite. Each mother sat on a
chair and probes were attached. Three conditions of measurement were used.
In condition A, the probe sets were attached to the bilateral breasts for
simultaneous measurement. In condition B, one probe set was attached to the
right breast and the other to the right frontal head in mothers who fed from the
right breast, for simultaneous measurement in the ipsilateral breast and frontal
head. In condition C, one probe set was attached to the right breast and the

other to the right frontal head in mothers who fed from the left breast, for
simultaneous measurement of the contralateral breast and frontal head.

The probes covered with rubber holders were applied with tape to a site
directly above the areola and directly above the right eyebrow on the frontal
head so as to arrange the light detector and emitter on the medial and lateral
sides of the body, respectively. Measurement was started before the initiation
of feeding and ended more than 60 s after its completion.

The maternal resting state was measured for more than 60 s before feeding,
during which time the infant was placed in a cot in the same room. The mother
then held and fed the baby from the breast on the side she preferred. Mothers
were asked to indicate when they sensed milk ejection. Each woman remained
in the chair after feeding, and measurement was continued for more than 60 s.
Events, such as holding the baby and starting and finishing feeding, were
marked on NIRS, and all variables were recorded. A stable environment for
the mother and baby was maintained throughout the experiment as much as
possible.

Measurement following a different condition was performed on another
day when the mother gave consent. Measurement was performed in 10
women: 8 women in condition A (twice for 3 women), 9 in condition B (twice
for 3 women), and 8 in condition C (twice for 1 woman).

Data analysis. NIRS data on the breast and frontal head were sampled
every other second throughout the measurement period, and the means for
30 s including the time point described below were calculated. The baseline
was defined as the mean for a 30-s period with small variations before
feeding. The time point at which the difference from the baseline [oxyHb]
in the breast reached the maximum value after measurement initiation was
designated as the point of the biggest difference in the breast (PDB) and
that in the frontal cortex as the point of the biggest difference in the frontal
cortex (PDF).

To confirm the responses of the frontal head and breast to feeding,
differences between the baseline and PDB, and between the baseline and PDF,
as well as differences in the parameters between the ipsi- and contralateral
breasts were analyzed using the Wilcoxon matched pairs signed rank test. For
the confirmation of differences in the characteristics of the mothers and infants
among the three study conditions, the Kruskal–Wallis test was used for
quantitative and the �2 test for qualitative variables. All parameters are
presented as the means � SE. Statistical analysis was performed using SPSS
16.0J (SPSS Japan, Inc.), and the significance level was set at 0.05.

RESULTS

Characteristics of participants. The characteristics of the
mothers and infants and the number of measurements in each
condition are shown in Table 1. The age of the 10 mothers
ranged from 23 to 36 y (mean � SD: 29.9 � 5.5 y), and the
parity was 1 in 6 mothers, 2 in 2, and 3 in 2. One mother gave
birth by caesarean section due to prolonged labor. All mothers
were right-handed. Infants were born at 38–41 wk of gesta-
tion and were aged 8–23 wk at the time of the study. The
mean duration of feeding observed was 640 � 304 s (SD).
Only feeder breasts in the first measurement were analyzed,
and the duration of feeding was 340 � 22 s. There were no
significant differences in the characteristics of the mothers and
infants among conditions A, B, and C.
Condition A (simultaneous measurement in the bilateral

breasts). Figure 2 shows typical changes in [oxyHb], [de-
oxyHb], and [totalHb] during the period from probe attach-
ment to the bilateral breasts to the completion of feeding.
After the onset of feeding, [oxyHb] and [totalHb] decreased in
both the ipsilateral and contralateral breasts. These parameters
then repeatedly increased and decreased, and markedly de-
creased after the mother felt the ejection reflex.
Measurement was performed 11 times in eight mothers. The

three variables were compared at the ipsilateral and contralat-
eral PDB, and the maximum difference from the baseline
[oxyHb] was noted. [oxyHb] and [totalHb] were significantly
decreased in the breast tissue at both the ipsilateral and
contralateral PDB (Table 2).

Figure 1. Illustration of probe sets attached to the breast and frontal cortex
in conditions B and C. For condition A, the channel 1 probe set was attached
to the left breast so as to arrange the detector and emitter on the medial and
lateral sides of the body, respectively.
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The mean changes in [oxyHb], [deoxyHb], and [totalHb]
calculated from the differences between the baselines and
levels at PDB were �6.24, �0.07, and �6.31 �M � cm in the
ipsilateral breast, respectively, and �3.95, 0.08, and �3.87
�M � cm in the contralateral breast, respectively. The param-
eters were compared between the ipsilateral and contralateral
breasts to investigate differences associated with the presence
or absence of sucking, but no differences were noted in any
parameter. The duration of feeding on the feeding side used in
the first measurement was 299 � 29 s. The time required for
[oxyHb] to reach the lowest level after the onset of feeding
was 50–149 s in the ipsilateral and 24–149 s in the contralat-
eral breast. The lowest level was reached earlier in the ipsi-
lateral breast in four cases and the contralateral breast in seven
cases. The time difference in each mother ranged from 0 to
38 s (mean � SD: 17 � 14), showing no significant difference
between the two sides. [oxyHb] periodically changed on both
sides at the same frequency (5.5 � 1.1 times) over a 66 � 8-s
cycle in all mothers. The mothers reported the milk ejection

reflex in 8 of 11 measurements. All of them reported one
reflex, and [oxyHb] reached the lowest level immediately after
reporting in six.
Condition B (simultaneous measurement in the ipsilateral

breast and frontal head). Figure 3 shows typical changes in
[oxyHb], [deoxyHb], and [totalHb] during the period from
probe attachment to the right frontal head to the completion of
feeding from the right breast. Soon after the onset of feeding,
[oxyHb] and [totalHb] increased in the frontal head and
[deoxyHb] also slightly increased. [oxyHb] and [totalHb]
remained high-throughout feeding. [deoxyHb] returned to the
baseline level during feeding. [oxyHb], [deoxyHb], and [to-
talHb] decreased after the onset of feeding in the breast, but
[deoxyHb] returned to the baseline level during feeding.
[oxyHb] and [totalHb] increased thereafter and then markedly
decreased after the mother reported the feeling of milk ejec-
tion. [oxyHb] and [totalHb] returned to the baseline levels
while repeating increases and decreases after the completion
of feeding.
Measurement was performed 12 times in 9 mothers. The

duration of the initial feeding on the ipsilateral side was 354 �
37 s. The frontal cortex [oxyHb] periodically changed 26.4 �
3.1 times over a 15 � 2-s cycle. The ipsilateral breast [oxyHb]
repeatedly increased and decreased 6.9 � 1.4 times over a
64 � 9-s cycle. The three variables were compared at the time
points of the maximum difference from the baseline [oxyHb]
(PDF and PDB in the frontal cortex and breast, respectively).
[oxyHb] and [totalHb] were significantly higher than the
baselines at PDF in the ipsilateral frontal cortex. In contrast,
[oxyHb] and [totalHb] simultaneously measured in the ipsi-
lateral breast were significantly lower than the baselines at
PDB (Table 2). The differences in the ipsilateral breast
[oxyHb], [deoxyHb], and [totalHb] from the baselines were
not significant at PDF, but [oxyHb] and [totalHb] in the frontal
cortex were significantly higher than the baselines at PDB.
The milk ejection reflex was reported in 9 of 12 measure-
ments, and the breast [oxyHb] reached the lowest level im-
mediately after the mother reported the milk ejection reflex in
seven.
Condition C (simultaneous measurement in the contralat-

eral breast and frontal head). Probes were attached to the
right frontal head and breast in mothers who fed from the left
breast. Changes in [oxyHb], [deoxyHb], and [totalHb] were
similar and cyclical to those in condition B. After feeding,

Figure 2. Time-course changes in [oxyHb], [deoxyHb], and [totalHb] in
response to feeding stimulation simultaneously measured in the ipsi- (upper)
and contralateral (lower) breasts by NIRS. The thick, thin, and dotted lines
represent [oxyHb], [deoxyHb], and [totalHb], respectively. Data were
smoothed by a gliding average procedure over 6 s. The values of a typical case
(condition A) are presented. [oxyHb] and [totalHb] decreased in the bilateral
breasts after the start of feeding. [oxyHb] and [totalHb] repeatedly increased
and decreased thereafter and then markedly decreased in the bilateral breasts
after the mother reported the milk ejection reflex.

Table 1. Details of mother and infant characteristics

ID

Mothers Infants Number of measurements

Age (y) Parity Gestational age (wk) Birth weight (g) Gender Age (wk) Condition A Condition B Condition C

1 30 1 38 2832 F 11 1 2 0
2 35 2 40 3456 F 23 1 1 1
3 35 1 41 3760 F 9 2 1 1
4 36 3 39 2956 F 19 1 1 1
5 23 1 40 3144 F 21 2 2 2
6 36 2 39 3790 M 8 1 1 1
7 31 3 39 2716 M 17 1 2 1
8 24 1 38 2908 M 13 0 1 0
9 24 1 41 3748 F 15 2 1 1
10 25 1 39 2754 M 15 0 0 1
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[oxyHb] and [totalHb] increased in the head and decreased in
the breast and then repeatedly increased and decreased several
times.
Measurement was performed nine times in eight mothers.

The duration of feeding on the contralateral side was 373 �

50 s. The contralateral frontal head and breast [oxyHb] peri-
odically changed 27.4 � 4.2 and 8.7 � 1.9 times, respectively.
The lengths of one cycle were 14 � 1 and 52 � 6 s in the
contralateral head and breast, respectively. The three variables
were compared at PDF and PDB. [oxyHb] and [totalHb] in the
contralateral frontal head were significantly higher than the
baselines at PDF. In contrast, [oxyHb] and [totalHb] simulta-
neously measured in the contralateral breast were significantly
lower than the baselines at PDB (Table 2). The differences in
[oxyHb], [deoxyHb], and [totalHb] from the baselines in the
contralateral breast were not significant at PDF, but [oxyHb]
and [totalHb] in the frontal head at PDB were significantly
higher than the baselines, as occurred in condition B.
Baselines and times required to reach PDF and PDB. The

mean time required for the frontal head [oxyHb] to reach the
peak was 76 s in condition B and 77 s in condition C, showing
no significant difference between the conditions. The frontal
cortex [oxyHb] peaked before starting feeding in two and one
mother in conditions B and C, respectively. The breast
[oxyHb] reached the lowest level after the onset of feeding in
all mothers.

DISCUSSION

Feeding-induced changes in the oxygenation state in the
breast. After the onset of feeding, the blood volume decreased
in both the ipsilateral and contralateral breasts. These param-
eters then repeatedly increased and decreased, and markedly
decreased after the mother felt the reflex.
The oxyHb level reduced during breastfeeding in both

breasts regardless of whether feeding took place on the ipsi-

Figure 3. Time-course changes in [oxyHb], [deoxyHb], and [totalHb] in
response to feeding stimulation simultaneously measured in the ipsilateral
frontal cortex (upper) and breast (lower) by NIRS. The thick, thin, and dotted
lines represent [oxyHb], [deoxyHb], and [totalHb], respectively. Data were
smoothed by a gliding average procedure over 6 s. The values of a typical case
(condition B) are presented. [oxyHb] and [totalHb] increased in the frontal
cortex and decreased in the breast after feeding began. After the mother
reported the milk ejection reflex, breast [oxyHb] and [totalHb] further de-
creased markedly, but no change was noted in the levels in the frontal cortex.

Table 2. Results at baseline and PDF of PDB values

Baseline value (�mol/L � cm) PDF or PDB value (�mol/L � cm) p*

Condition A (n � 11)
Ipsilateral breast

�oxyHb� 1.73 � 0.94 (�2.67 to 7.63) �4.51 � 1.42 (�13.51 to 3.61) 0.004
�deoxyHb� �0.19 � 0.26 (�2.25 to 0.84) �0.26 � 0.67 (�4.49 to 4.07) 0.722
�totalHb� 1.54 � 0.94 (�2.43 to 6.50) �4.77 � 1.71 (�14.16 to 3.40) 0.006

Contralateral breast
�oxyHb� 1.48 � 0.52 (�0.50 to 4.85) �3.18 � 1.54 (�13.99 to 5.44) 0.008
�deoxyHb� �0.29 � 0.40 (�2.42 to 2.57) �0.46 � 0.67 (�4.59 to 2.27) 0.657
�totalHb� 1.19 � 0.61 (�0.56 to 5.63) �5.73 � 1.60 (�15.89 to 1.01) 0.003

Condition B (n � 12)
Ipsilateral forehead

�oxyHb� �0.53 � 0.43 (�2.91 to 2.06) 1.81 � 0.58 (�2.16 to 4.70) 0.002
�deoxyHb� �0.14 � 0.23 (�1.79 to 1.00) �0.54 � 0.29 (�2.04 to 1.21) 0.099
�totalHb� �0.67 � 0.54 (�3.91 to 2.85) 2.06 � 0.80 (�1.87 to 6.78) 0.003

Ipsilateral breast
�oxyHb� �0.05 � 0.46 (�2.80 to 2.14) �5.92 � 1.45 (�13.39 to 2.76) 0.005
�deoxyHb� �0.36 � 0.35 (�2.90 to 0.88) �1.66 � 0.91 (�8.11 to 3.47) 0.209
�totalHb� �0.41 � 0.70 (�5.14 to 2.78) �7.58 � 2.06 (�18.55 to 3.56) 0.006

Condition C (n � 9)
Contralateral forehead

�oxyHb� �0.41 � 0.43 (�2.26 to 1.22) 1.79 � 0.87 (�1.06 to 6.62) 0.008
�deoxyHb� �0.54 � 0.33 (�2.27 to 0.49) �0.68 � 0.37 (�2.76 to 0.90) 0.214
�totalHb� �0.96 � 0.67 (�4.53 to 1.03) 1.86 � 0.97 (�1.81 to 6.43) 0.008

Contralateral breast
�oxyHb� �0.15 � 0.73 (�3.20 to 2.83) �5.32 � 1.94 (�17.94 to �0.06) 0.011
�deoxyHb� �0.48 � 0.36 (�2.30 to 0.86) �1.70 � 1.23 (�9.84 to 1.80) 0.374
�totalHb� �0.64 � 1.03 (�5.03 to 2.82) �7.02 � 2.83 (�22.35 to 1.74) 0.015

* Significance of differences between the baseline and PDF or PDB value (Wilcoxon matched pairs signed rank test).
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lateral or contralateral side. The time required to reach the first
lowest level was not significantly different between the ipsi-
lateral and contralateral sides. After that, the oxyHb level
increased and decreased repeatedly. In our previous study
(19), we confirmed that the oxyHb level was significantly
reduced by sucking stimulation using single-channel NIRS.
This phenomenon was also observed in this study using
double-channel NIRS, confirming that it occurred simultane-
ously in both breasts regardless of whether feeding took place
on the ipsilateral or contralateral side. This phenomenon is
supported by a study which measured milk ejection simulta-
neously in each breast during double pumping (21), and it was
assumed that milk ejection occurs at the same time in both
breasts due to the systematic release of oxytocin.
The stimulus of nipple sucking by a baby generates sensory

impulses that are transmitted to the spinal cord and then to the
secretory oxytocinergic neurons in the hypothalamus. The
oxytocinergic neurons induce a massive release of oxytocin
from the posterior pituitary into the blood stream (22,23) and
oxytocin is carried to the lactating breasts. Oxytocin induces
myoepithelial cell contraction around the mammary gland,
thus ejecting milk into the duct system (24). Our results show
that the blood volume in the measurement region directly
above the areola of the nipple decreases after the onset of
breastfeeding and then increases and decreases in a repetitive
fashion that is congruent with milk ejection. The duration of
the cyclic changes is congruent with duct dilation measured
using ultrasound (12) and also with the duration of oxytocin
pulses in the blood (10,11). The drop in the blood volume may
be due to the mechanical compression of blood vessels sur-
rounding the alveoli during myoepithelial cell contraction.
Janbu et al. (25) measured the lateral thoracic artery during
feeding using pulsed Doppler and observed that the blood flow
rate started to decrease before the mother sensed the milk
ejection reflex, and then the reflex occurred. They also re-
ported that this phenomenon was induced by the i.v. injection
of oxytocin, and the changes in the blood flow rate reflected
the reduction of the blood volume. Ramsay et al. (12) mea-
sured the lactiferous duct diameter on the contralateral side
during feeding and observed that the diameter increased when
the mother sensed the milk ejection reflex and the pattern of
sucking by her baby changed. These findings support our
study results.
Breastfeeding-induced hemodynamic changes in the fron-

tal head. Breastfeeding increased the blood volume in the
frontal head. The region measured by NIRS at the frontal head
included the cerebral frontal cortex (26). The frontal cortex is
considered to play an important role in cognitive control (27),
and blood volume changes in this region reflect the modula-
tion of cerebral functional activity (28,29). Our data revealed
that breastfeeding increased the blood volume in the frontal
cortex in mothers, reflecting activation of the brain. In previ-
ous studies using NIRS which confirmed brain responses to
fine motor (30–33), gross motor (34,35), visual stimuli
(29,36–38), a memorizing task (39), and other cognitive
stimulations (13,26), both oxyHb and totalHb levels increased
after stimulation. In this study, the oxyHb level increased in
the head before the start of feeding in three cases, suggesting

that the brain was not activated by sucking stimulation alone.
In the breasts that were simultaneously measured, the oxyHb
level decreased before the onset of feeding in some mothers.
These breast responses may be due to the action of oxytocin.
Lucas et al. (10) and McNeilly et al. (11) also confirmed
oxytocin secretion before the onset of feeding by measuring
the blood oxytocin level, showing that milk ejection in hu-
mans is induced by emotional factors, such as a baby crying
and preparation for feeding. Because oxytocin also induces
systemic vasodilatation, emotional responses of the mother
before the onset of feeding may have induced oxytocin secre-
tion, dilating blood vessels and increasing the blood volume in
the frontal cortex. Although blood volume changes in the
breast and brain were not synchronous, the increased blood
volume in the brain may have resulted from emotional frontal
cortical responses of the mother in anticipation of feeding,
which also induced oxytocin secretion, resulting in the dila-
tation of blood vessels in the breast. Further studies are
required to assess the relationship between the volume of milk
secretion and hemodynamic reactions in the breast and brain
and establish an objective evaluation method to support
breastfeeding. Furthermore, we are also planning to compare
cases in which breastfeeding is difficult due to psychoneurotic
diseases with normal cases and apply the study results to
establish a breastfeeding support method.
In conclusion, the blood volume in the bilateral breasts

decreased significantly after the onset of breastfeeding and
repeatedly increased and decreased thereafter, but the cerebral
blood volume in the frontal cortex of the mother increased.
Hemodynamic changes also occurred in the frontal cortex, but
the reactions in the breast and frontal cortex were different and
not synchronous, confirming that the physiological circulatory
dynamics during breastfeeding vary among organs.
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